A prominent anatomical feature of the peripheral nervous system is the segmentation of mixed (motor, sensory and autonomic) spinal nerves alongside the spinal cord. During early development their axon growth cones avoid the developing vertebral elements by traversing the anterior/cranial half of each somite-derived sclerotome, so ensuring the separation of spinal nerves from vertebral bones as axons extend towards their peripheral targets. A glycoprotein expressed on the surface of posterior half-sclerotome cells confines growth cones to the anterior half-sclerotomes by contact repulsion. A closely similar glycoprotein is expressed in avian and mammalian grey matter, where we hypothesize it may have evolved to regulate neural plasticity in birds and mammals.
Introduction
In the 1980s I was fortunate to meet Viktor Hamburger, pioneer embryologist of the trophic hypothesis of nerve-target interactions that led to the identification of nerve growth factor (NGF). He was still going strong, working in the Department of Anatomy and Neurobiology at Washington University in St. Louis. During an enjoyable chat he made his familiar remark about embryology -how it is best taught not by lecturers or professors but by embryos, his dictum being 'the embryo is the only teacher that is always right'. While embryology had been largely a descriptive science, his own career, as for Ramon y Cajal before him, exemplified how careful observation of the embryo could yield important insights into developmental mechanisms. Cajal's discovery of the axon growth cone was a landmark in neuroscience, and the subsequent discovery of NGF by Hamburger's research associate Rita Levi-Montalcini, who achieved this by developing a key nerve growth assay using cultured chick embryo sensory neurons, took this understanding to the molecular level for the first time.
Spinal nerve segmentation and contact repulsion of axons
With such inspiration in the background, the belief that studying embryos will be informative about adult anatomy and nerve patterning is readily sustained. Together with my colleagues we have investigated how a striking example of adult neuroanatomy, the iterative (segmented) repeat pattern of spinal nerves ( Fig. 1) and vertebrae, is built in the embryo at both cell and molecular levels. Peripheral spinal nerves necessarily enter and exit the spinal cord unimpeded mechanically by the developing vertebral elements that surround and protect it. The need to separate spinal nerves and vertebrae is well illustrated by the acute leg pain ('sciatica') that accompanies human lumbar vertebral disc prolapse. And in all amniotes (birds and mammals) it is ensured by the initial outward growth trajectory of axons from the developing spinal cord. The growth cones of both motor and sensory axons traverse exclusively the anterior (A, rostral/cranial) halves of the somites (future vertebrae) as they project laterally from the ventral spinal cord (motor axons) and from the dorsal root ganglia (sensory axons; Fig. 2A,B) . At the same time, axons must avoid growing through the posterior (P, caudal) half-somites.
The division or polarization of the somite into two halves, one containing spinal nerve axons and the other generating vertebral cartilage and bone, was first pointed out by Robert Remak, a pioneer of descriptive embryology (Remak, 1855) and cell theory (Harris, 2000) . However, like some other microscopic observations made in the 19th century, it was later forgotten and its influence on nerve patterning left unanalysed. On its rediscovery in the 1980s it was important to test whether the polarity itself creates, rather than follows, the axon outgrowth pattern (Keynes & Stern, 1984) . A microsurgical procedure from donor-to-host embryos was therefore carried out in chick embryos in ovo before the stage of spinal axon outgrowth. A-P rotation by 180°of a 3-5 segment length of presomite mesoderm (PSM) on one side of the embryo, prior to axon outgrowth, caused axons to traverse the originally anterior half-somites that take up the position of posterior half-somites after surgical rotation. The selective preference of axons for growth through anterior rather than posterior half-somite depends, therefore, on their interaction with the cells of half-somites, and forms the basis of the segmented outgrowth pattern of peripheral spinal nerves (Keynes & Stern, 1984) .
Further experiments have shown that the basis for this preference is a contact repulsive mechanism acting on axon growth cones. During their passage through the somites, growth cones encounter cells of the developing sclerotome portion of each somite that will form vertebral cartilage and bone. P-half-sclerotome cells, but not those of the Ahalf, express a cell surface glycoprotein that binds peanut agglutinin (PNA; Rickmann et al. 1985) and causes growth cone collapse of chicken primary sensory axons growing in the presence of NGF on a poly-L-lysine/laminin substrate (Davies et al. 1990 ). The recognition of this glycoprotein by PNA has enabled its biochemical purification from detergent extracts of dissected somites and its identification by mass spectrometry (R. Keynes and G. Cook, unpubl. obs.) .
Additional evidence that contact repulsion is the primary mechanism underlying nerve segmentation is provided by two more observations made on this system in vitro. First, when chick dorsal root ganglia (DRGs) are cultured adjacent to dissected P-half-sclerotomes in collagen gels, there is no long-distance chemorepulsion of DRG axons by P-half-sclerotomes (Keynes et al. 1997) . Under identical experimental conditions, however, long-distance chemorepulsion of DRG axons is clearly visible when they grow close to dissected dermomyotomes (Keynes et al. 1997 ), a known source of the diffusible repellent sema3A (Shepherd et al. 1996) . Steketee & Tosney (1999) have shown, moreover, that a DRG axon growth cone extending in vitro towards an isolated P-half-sclerotome cell will make filopodial contact with the cell. The contacting filopodium then responds rapidly by retraction, alongside inhibition of local growth cone veil extension, and the growth cone steers away from the cell.
These lines of evidence indicate that the A-P polarization of somites underlies spinal nerve segmental patterning in amniotes, creating a gating mechanism that channels growing axons into a linear series of distinct and separate anatomical streams by contact repulsion. We can further predict that experimental alteration of the upstream mechanisms that generate somite polarity would also influence spinal nerve segmentation, and this is borne out by experiment. For example, the sclerotomes of Presenilin-1 mutant mice, in which Notch signalling and processing are defective, develop with A-only identity, and spinal axons accordingly extend from the spinal cord in a non-segmented manner (Bai et al. 2011) . Conversely, in Mesp2 mutant mice, whose sclerotomes develop with P-only identity since the Mesp2 transcription factor otherwise determines A-identity, spinal nerve axons are unable to penetrate the somites (Saga et al. 1997) .
The A-P somite polarity also underlies the selective preference of migrating trunk neural crest cells for A-rather than P-half somite (Rickmann et al. 1985) . This migration is regulated by the expression of the repellent protein sema3F by P-half-sclerotome cells (Gammill et al. 2006) . At any particular somite along the series, expression of the PNA-binding axon growth cone repellent in P-half-sclerotome is not detectable at the onset of neural crest migration into that somite, instead coinciding in the chick embryo with the later onset of axon outgrowth (C. Casper, G. Cook & R. Keynes, unpubl. obs.). These findings indicate that the passage of neural crest cells and axon growth cones through somites is regulated by distinct molecular signals. And consistent with this, spinal nerve segmentation is preserved in mice double-mutant for the semaphorin receptors neuropilin-1 and neuropilin-2 (Huber et al. 2005) .
Vertebral patterning and resegmentation
The A-P somite polarity has been fully confirmed at the molecular genetic level (Hughes et al. 2009; Saga, 2012) , and the molecular interactions that generate it have been elucidated in detail more recently (Saga, 2012; Zhao et al. 2015) . Alongside spinal nerve patterning it is also critical for establishing vertebral patterning. When comparing the embryonic segment/somite with the adult segment/vertebra, Remak observed that spinal nerves are placed in the anterior part of the embryonic segment, yet lie adjacent to the posterior part of the vertebral body in the adult (Remak, 1855; see Fig. 3 ). On these anatomical grounds he proposed a re-segmentation process ('neugliederung'), whereby the A-and P-half-sclerotomes of serially adjacent somites undergo a half-segment frameshift, recombining on each side of the notochord, and merging across the midline, to form one vertebra (Remak, 1855). Resegmentation was further elaborated by von Ebner on functional grounds, arguing that somite-derived muscles necessarily lie out of phase with the somite-derived vertebral bodies to ensure motility of the vertebral column as a whole (von Ebner, 1888) . Resegmentation is well embedded in the textbooks, having been disputed by descriptive studies (Verbout, 1976 ) but now well supported by lineage studies using quail-chick chimeras (Huang et al. 2000; Mittapalli et al. 2005) . The fact that no single-myotome-derived muscles straddling adjacent vertebrae have been described in extant fish, let alone mammals, has also been taken as evidence against it. However, such muscles might have been superseded by axial muscles with multi-segmental origins and insertions during vertebrate evolution (Fleming et al. 2015 ).
Remak's resegmentation hypothesis also predicts that disruption of somite A-P polarity will cause disruption of vertebral segmentation. Multiple gene knock-down experiments in mice, as well as human gene disorders, have shown this to be the case (Table 1 ). The question then arises, how is the intra-somite A-P boundary different from the intersomite A-P boundary in the A-P-A-P-. . . somite series? An A B Fig. 3 Vertebral resegmentation. Remak's illustration of segments in the chick embryo paraxial mesoderm (A) compared with an adult human lumbar vertebra (B). In (A), reproduced from Remak (1855), the dorsal root ganglion is in the upper (anterior/rostral) part of the embryonic segment/somite. In (B), the adult segment/vertebra, the intervertebral foramen (normally containing the dorsal root ganglion) is positioned below (posterior/caudal to) the vertebral pedicle.
attractive idea, first suggested by Hans Meinhardt to resolve a similar ambiguity in insect segmentation, is that alternating A-P confrontations placed within rather than between segments generate a new cell state (Meinhardt, 1982 (Meinhardt, , 1986 . Mesenchymal cells lying within the cavity of the newly formed epithelial somite (Bellairs, 1979) could represent this state, having been shown in lineage studies to generate the intervertebral joints (Mittapalli et al. 2005) . Also consistent with this, the first molecular signs of A-P somite polarity, such as Mesp2 expression in the future anterior half-somite (Saga, 2012) , are detectable in the presomite mesoderm, before somite individuation.
The A-P polarity of the vertebrate sclerotome has been detected in both bony and cartilaginous fish species (Fleming et al. 2015) , as well as amniote vertebrates, and could therefore be held to represent an ancestral feature of vertebrate axial segmentation. However, the notochord, an overtly non-segmented structure, is also implicated in generating vertebral column segmentation in bony fish. In several teleost species it generates the segmented 'chordacentrum', an ossification of the innermost part of the vertebral body around the notochord that derives from the outer epithelial layer of notochord cells (Grotmol et al. 2003; Fleming et al. 2004) . The chordacentrum is then reinforced by a 'perichordal' ossification from sclerotome cells that cooperate to form the complete teleost centrum. Zebrafish chordacentrum segmentation can be dissociated genetically from neural arch segmentation, indicating that the notochord may instruct axial segmentation in this species (van Eeden et al. 1996; Nikaido et al. 2002; Fleming et al. 2004) . Indeed notochord segmentation could be ancestral in the vertebrates (Stern, 1990) . In amniotes, however, a chick embryo somite manipulation experiment has confirmed that axial patterning is likely to be instructed by somite patterning and polarization rather than segmental instruction from the notochord (Senthinathan et al. 2012) . Amniote vertebral body segmentation is first recognizable during development by the appearance of peri-notochordal rings of Pax1-expressing sclerotome cells derived from left and right sides of the embryo. Each ring forms by the precise alignment of left and right half-rings at the peri-notochordal midline, where they merge to form the annulus fibrosus of the intervertebral disc. Experimental misalignment of left vs. right sclerotomes, following A-P reversal of the pre-somite mesoderm on one side of the embryo, leads to misalignment of the Pax1-expressing half-rings at the notochord (Fig. 4) . This result indicates that segmentation of the annulus fibrosus is determined by properties intrinsic to the sclerotome, such as its polarization as argued above, rather than the notochord (Senthinathan et al. 2012 ).
Conclusion and future directions
The study outlined above of the mechanism that generates peripheral nerve segmentation was initiated by an anatomical observation about nerve growth in somites. Together with those of others (Raper & Kapfhammer, 1990; Stahl et al. 1990 ) it led to identification of growth cone repulsion as an important axon guidance mechanism during embryonic development. It may be significant that a growth cone collapse-inducing activity with properties closely similar to the somite repellent has also been identified in the grey matter of avian and mammalian brain (Keynes et al. 1991) . This leads us to speculate that the underlying molecular mechanism, which provides an absolute barrier to growing peripheral axons during development, has been co-opted in the mature central nervous system. It may, for example, regulate neural plasticity and anatomical connectivity in the brain and spinal cord under normal physiological conditions, perhaps also contributing to the regenerative failure of axons following injury in the mammalian CNS. With the recent identification of the somite repellent (R. Keynes & G. Cook, unpubl. obs.) these possibilities will be interesting to explore in the future, and may extend our understanding of nerve patterning beyond the embryo stage to include its maintenance in maturity.
